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ABSTRACT 26 
 27 
OBJECTIVES: To establish reference intervals for echocardiographic measures of 28 
longitudinal left ventricular function in adult English springer spaniel dogs. 29 
ANIMALS: Forty-two healthy adult English springer spaniels. 30 
METHODS: Animals were prospectively recruited from a general practice population 31 
in the United Kingdom. Dogs were examined twice, at least 12 months apart, to 32 
exclude dogs with progressive cardiac disease. Mitral annular plane systolic 33 
excursion, tissue Doppler imaging (TDI) mitral annular velocities and two-34 
dimensional speckle-tracking echocardiographic (2DSTE) left ventricular longitudinal 35 
strain and strain rate were measured. Intraoperator and intraobserver variability were 36 
examined and reference intervals were calculated. The potential effects of body 37 
weight, age and heart rate on these variables were examined.  38 
RESULTS: Intraoperator and intraobserver variability was <10% for all parameters 39 
except TDI E’ and 2DSTE variables, which were all <20%. Thirty-nine dogs were 40 
used to create reference intervals. Significant (but mostly weak) effects of age, heart 41 
rate and body weight on were detected. Reference intervals were similar to 42 
previously published values In different breeds. 43 
CLINICAL SIGNIFICANCE: Breed specific reference intervals for measures of 44 
longitudinal left ventricular function in the English springer spaniel are presented.  45 
 46 
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ABBREVIATION TABLE 51 
Abbreviation Definition 
2DSTE 
Two-dimensional speckle-tracking 
echocardiography 
A’ 
Peak velocity of late (atrial) diastolic 
mitral annular motion as determined by  
pulsed wave Doppler 
a Late diastolic (atrial) motion 
av Average of the lateral and septal values 
CoV Coefficient of variation 
e:a Ratio of e to a 
E’ 
Peak velocity of early diastolic mitral 
annular motion as determined by  
pulsed wave Doppler 
e Early diastolic motion 
ESS English springer spaniel 
GLS Global longitudinal strain 
GLSR Global longitudinal strain rate 
lat recorded from the lateral annulus 
LV Left ventricle 
MAPSE Mitral annular plane systolic excursion 
S’ 
Peak velocity of systolic mitral annular 
motion as determined by  
pulsed wave Doppler 
s Systolic motion 
sep recorded from the septal annulus 
TDI Pulsed-wave Tissue Doppler Imaging 
 52 
 53 
  54 
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INTRODUCTION 55 
Measures of left ventricular (LV) systolic and diastolic function are a key component 56 
of the echocardiographic examination and are invaluable in diagnosing and 57 
predicting outcome in cardiac disease, both in people [1-3] and animals[4-6]. 58 
Commonly used measures of systolic function such as ejection fraction and 59 
fractional shortening address global myocardial performance but do not take into 60 
account the roles of distinct components of LV contraction or regional wall motion, 61 
which may be affected to varying degrees in different cardiac diseases [7]. In 62 
humans, reliance upon single measures of global systolic function is being 63 
complemented with the addition of more refined assessments, in particular of 64 
longitudinal function [8]. These assessments are also gaining attention in veterinary 65 
cardiology [9-14] although their clinical utility remains unclear. 66 
 67 
Several echocardiographic techniques assess longitudinal function. Mitral annular 68 
plane systolic excursion (MAPSE) records the distance the septal mitral annulus 69 
travels toward the ultrasound transducer (and cardiac apex) in systole and has been 70 
shown to be a useful measure of longitudinal systolic function in dogs [14]. Pulsed-71 
wave tissue Doppler imaging (TDI) allows real-time evaluation of myocardial 72 
velocities and may be more sensitive than conventional imaging at detecting early 73 
myocardial dysfunction due to cardiomyopathy and mitral regurgitation [1,10,15,16]. 74 
Two-dimensional speckle-tracking echocardiography (2DSTE) quantifies changes in 75 
myocardial deformation (strain) and the rate of this deformation (strain rate) in an 76 
angle-independent manner, in contrast to TDI.  77 
 78 
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In human athletes, TDI and 2DSTE are emerging as useful ways to assess 79 
cardiovascular function, helping to differentiate systolic dysfunction from athletic 80 
remodelling [17-20]. English springer spaniels (ESS) have been selectively bred for 81 
athletic performance and often appear to have lower resting global systolic function 82 
than other breeds [21]. Even with access to breed-specific reference intervals, 83 
clinicians can examine ESS with equivocal echocardiographic findings and 84 
assessing cardiac function in these dogs can be challenging. Advanced 85 
echocardiographic assessment tools may prove useful to help differentiate systolic 86 
dysfunction from athletic remodelling but before novel techniques can be used 87 
reliably in the clinical setting, test variability needs to be understood and reference 88 
intervals should exist. 89 
 90 
Only a few reports of canine breed-specific TDI and 2DSTE examinations have been 91 
published and to our knowledge, no reports of breed-specific values for MAPSE 92 
exist. Importantly, position of annulus measurement (septal vs. lateral), age and 93 
heart rate have all been shown to affect these echocardiographic measures in 94 
people [22-26] but there are few studies examining these potential confounding 95 
variables in dogs.  96 
 97 
We sought to establish echocardiographic reference intervals for MAPSE, TDI and 98 
2DSTE measures of LV longitudinal function in healthy adult ESS. Additionally, we 99 
examined intraobserver measurement repeatability, the effects of annular position 100 
and whether these variables were related to age, body weight, left ventricular length 101 
or heart rate. 102 
 103 
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ANIMALS, MATERIALS AND METHODS 104 
We recruited prospectively clinically healthy ESS from private practices in the United 105 
Kingdom. We obtained ethical approvale and informed owner consent. Dogs were 106 
considered eligible for evaluation if they were over 18 months old; had an 107 
unremarkable history; normal physical examination, electrocardiogram, systolic 108 
blood pressure (<160 mmHg) and structurally normal echocardiogram. Treatment for 109 
non-cardiac disease such as osteoarthritis was allowed, but dogs receiving chronic 110 
medications with the potential to affect cardiac size or function were excluded. Dogs 111 
with more than mild valvular regurgitation, or progressive valvular regurgitation, were 112 
excluded. Dogs were evaluated twice, with a minimum of 12 months between 113 
examinations: cases with progressive changes to cardiac size and/or function using 114 
conventional echocardiography were excluded. Data from the second 115 
echocardiographic examination only were used for analysis. The first author 116 
performed all observations, examinations and measurements. Results from 117 
conventional echocardiographic assessment have been published previously [21].  118 
 119 
Echocardiography 120 
Conventional echocardiographic examination, with simultaneous 121 
electrocardiographic recording, comprised two-dimensional (2D), M-mode, colour 122 
and spectral Doppler assessments.f  Dogs were unsedated and gently restrained in 123 
right and left lateral recumbency on a padded table with a cutout for scanning from 124 
beneath.  Images were acquired according to a set protocol using published 125 
guidelines [27].  All measures of longitudinal left ventricular function were obtained 126 
from the left apical 4-chamber view optimised to include the LV apex. Left ventricular 127 
diastolic length was measured from the right parasternal long-axis view [21].  128 
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 129 
Mitral annular plane systolic excursion was recorded using anatomical M-mode 130 
without angle adjustment, on stored loops with the cursor placed at the junction of 131 
the lateral (MAPSElat) and septal (MAPSEsep) mitral annulus, aligned parallel to the 132 
longitudinal motion of the heart. The total excursion was measured as the distance 133 
between the most basal (end-diastolic) and most apical (end-systolic) position of the 134 
annulus, using the leading edge method at a sweep speed of 100mm/s [14](Figure 135 
1A). Lateral and septal excursions were recorded separately and then averaged 136 
(MAPSEav). 137 
 138 
Tissue Doppler Imaging profiles of the lateral and septal mitral annulus were 139 
acquired as follows: the ultrasound sector was narrowed to ensure frame rate was 140 
over 200 cycles per second, the Nyquist limit was set at 20cm/s and care was taken 141 
to align the ultrasound beam parallel to longitudinal myocardial movement. A 5.6mm 142 
pulsed-wave sample volume was placed on the area of interest and a minimum 5-143 
cardiac cycle TDI profile at each location was acquired. Variables were recorded as 144 
the maximal velocity of the systolic (TDI S’), early diastolic (TDI E’) and late diastolic 145 
(TDI A’) waves, at a sweep-speed of 200mm/s, recording separate values for lateral 146 
and septal velocities as well as the mean of the two (TDI S’lat, TDI S’sep and TDI S’av 147 
etc.)(Figure 1B).  148 
 149 
Two-dimensional recordings, optimised for the left ventricle, were acquired for offline 150 
2DSTE assessment. Care was taken to ensure the epicardial border and the entire 151 
interventricular septum were visualised throughout the cardiac cycle for each view. 152 
The grey-scale gain was optimised to image endocardial borders, the frame rate set 153 
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between 80-120 frames per second and a minimum 9-cardiac cycle was stored. Only 154 
one cardiac cycle obtained in sinus rhythm was analysed at a time. Semi-automatic 155 
tissue tracking and analysis of 2D grayscale images was performed using 156 
commercially available software.g First, the endocardial border was manually traced 157 
and software then performed automatic tracking, dividing the ventricular wall into six 158 
segments. Visual inspection at slow playback speed was performed to ensure 159 
adequate tracking with manual adjustment of the region of interest if necessary, 160 
which was set to include only the left ventricular walls at end-diastole. If segments 161 
were manually or automatically judged as being of inadequate tracking quality, 162 
analysis was performed on a different cardiac cycle. Peak values for global 163 
longitudinal strain (GLS), systolic strain rate (GLSRs), early diastolic strain rate 164 
(GLSRe) and late/atrial diastolic strain rate (GLSRa) were automatically measured 165 
within the software and exported for analysis. (Figures 1C&D). 166 
 167 
All examinations were analysed on a single day, after the entire cohort had been 168 
imaged, to minimise observer variability due to temporal drift [28]. For all variables 169 
the mean of three measurements was recorded, taken from representative but not 170 
necessarily consecutive cycles. To facilitate later correlational analysis, the heart 171 
rate was recorded from the cardiac cycles of each of the images being measured, 172 
i.e. MAPSE heart rate was recorded from the MAPSE image etc.  173 
 174 
Operator and observer repeatability 175 
To address intra-operator (image acquisition) variability, two data sets for each 176 
variable were acquired twice in ten dogs, within a five minute period (i.e. during the 177 
same echocardiographic examination). To address intra-observer (measurement) 178 
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variability, ten randomly selected examinations were measured by the same 179 
investigator (the first author) twice, using the same cardiac cycles, on two 180 
consecutive days.  Inter-observer variability was not assessed.  181 
 182 
Statistical analysis 183 
Statistical analysis was performed using PAST 3 software [29]. Continuous 184 
echocardiographic variables were assessed for normality visually using histograms 185 
and formally using a Shapiro-Wilk test. We then derived reference intervals from the 186 
data. After examining the distribution, median, upper and lower reference limits and 187 
90% confidence intervals of the limits were calculated within Reference Value 188 
Advisor using a robust method with Box-Cox transformation [30]. We then produced 189 
a “trimmed range” by removing the single highest and lowest values from the range.  190 
 191 
Repeatability was expressed as the coefficient of variation (CoV) calculated by 192 
dividing the mean of the duplicate measurements by the standard deviation of these 193 
measurements [31]. The repeatability coefficient was expressed as 2.77 times the 194 
within-subject standard deviation [32]. 195 
 196 
The effects of annular position (lateral vs. septal) on MAPSE and TDI were 197 
compared with a two-sample t-test for normally-distributed data and Mann-Whitney U 198 
test for non-normally distributed data. To quantify differences, we used difference 199 
plot analyses (limits of agreement). Plots were generated for each pairwise 200 
comparison (lateral vs. septal), fixed biases were determined and the 95% limits of 201 
agreement were compared to the 95% repeatability coefficients [32]. 202 
 203 
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After confirming assumptions were not being violated, simple linear regression 204 
(Ordinary Least Squares method) was used to assess relationships between body 205 
weight, age, heart rate, LV diastolic length and all echocardiographic variables. TDI 206 
S’, TDI E’ and GLS values were compared to published values from six other breeds. 207 
Alpha was set at p<.05. 208 
 209 
RESULTS 210 
The entire dataset has been provided as an online supplement [33]. The study 211 
population comprised 39 healthy ESS: structural cardiac disease and progressive 212 
myocardial dysfunction had been excluded from this population of dogs, as reported 213 
previously [21]. There were 24 males (nine neutered) and 15 females (seven 214 
neutered) with a median age of 5 years 8 months (2.5 to 12.8 years); mean weight of 215 
19kg (13.2 to 26.1kg) and median body condition score of 4/9 (3 to 7/9). Five dogs 216 
were closely related. Fourteen dogs (36%) were active gun dogs. Mean heart rate 217 
was 100bpm (57 to 152bpm) and mean systolic blood pressure was 122mmHg (82 218 
to 159mmHg). Nine cardiac cycles had inadequate tracking on 2DSTE analysis, 219 
representing 3.4% of the total number of cycles analysed. 220 
 221 
Reference intervals 222 
Descriptive statistics, trimmed range and reference intervals for all measured 223 
variables are presented in Table 1. 224 
 225 
Repeatability 226 
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Intraoperator (image acquisition) and intraobserver (measurement) CoV are reported 227 
in Table 2. Intraoperator CoV was <20% and intraobserver CoV was <9% for all 228 
variables.  229 
 230 
Effects of annular position 231 
There was a consistent fixed bias toward the lateral annulus measurements being 232 
greater than septal annulus measurements and these differences were significant 233 
(p<0.001) for all TDI variables. Limits of agreement for lateral vs. septal studies were 234 
compared to the intraoperator and intraobserver repeatability coefficients (Table 3). 235 
The 95% limits of agreement are considerably wider than the 95% repeatability 236 
coefficents, indicating that measurement repeatability accounts for some, but not all 237 
of the difference between septal and lateral annulus movement/velocity.  238 
 239 
Effects of body weight, left ventricular length, age and heart rate and 240 
comparisons to other breeds 241 
Significant, but weak (r2 <0.15) associations were found between TDI E’lat, S’lat, A’av 242 
and body weight (Table 4). No other significant relationships were identified. Only 243 
TDI E’lat was related to LV diastolic length (r2 0.18). Several parameters were 244 
significantly associated with age, though r2 were <0.3 for all but TDI E’:A’lat, TDI 245 
E’:A’av and GLSRe:a (r2 0.4 to 0.45). Several parameters were significantly 246 
associated with heart rate though all r2 <0.3.  Measured TDI and 2DSTE variables 247 
were similar to published values from six other breeds (Table 5).  248 
 249 
DISCUSSION 250 
  12 
Our results provide echocardiographic reference intervals for measures of 251 
longitudinal left ventricular function in healthy adult English springer spaniel dogs 252 
from a UK population. These parameters were similar to previously published 253 
reference intervals in other breeds, lateral annular TDI velocities were significantly 254 
greater than septal velocities and intraoperator and intraoberver variability was 255 
reasonable. Some of these measures were related to body weight, age and heart 256 
rate, although most associations were weak. 257 
 258 
The ESS breed has been reported to have a high prevalence of dilated 259 
cardiomyopathy [34] however research by our group has shown that healthy adult 260 
ESS often appear to have rounded hearts with low systolic functional indices at rest 261 
[21]. Conventional measures of left ventricular size and function in ESS, such as 262 
fractional shortening, ejection fraction or end-systolic volume index, often fall outside 263 
of published species-wide reference intervals and could lead to a misdiagnosis of 264 
dilated cardiomyopathy. Whilst global measures of cardiac function remain the 265 
cornerstone of classification and stratification of human patients with heart disease, 266 
the importance of using more specific assessments, particularly of longitudinal 267 
function, is gaining recognition [8]. The longitudinal parameters we measured were 268 
similar to data published for other breeds, suggesting that even when the LV 269 
appears rounded with apparently “low” systolic function, as measured with 270 
conventional techniques, myocardial performance is normal. 271 
 272 
Before researchers and clinicians can use novel echocardiographic techniques, 273 
reference intervals must exist. Also, operators need to understand the inherent 274 
measurement variability for each parameter in order to make objective assessments 275 
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regarding changes in cardiac structure or function. Accordingly, as part of 276 
establishing reference intervals, we examined intraoperator and intraobserver 277 
variability for the novel echocardiographic parameters. Intraobserver variability (the 278 
variability of one person measuring the same images repeatedly) was <5% for all but 279 
GLSRe and GLSRa, which were < 9%. Intraoperator variability (the difference 280 
between measurements made in the same patient over a short period of time) was 281 
<10% for MAPSE and TDI variables and <20% for 2DSTE assessments. We were 282 
unable to find previously reported variability data for MAPSE, however our data 283 
suggest that these novel echocardiographic assessments are repeatable when 284 
performed by a single experienced operator. This agrees with reports from other 285 
groups [12,35-37]. However, our repeatability results should be interpreted as the 286 
minimum values, given that these data were acquired by a single experienced 287 
operator in a short space of time, minimising many of the natural sources of 288 
measurement variability in the clinical setting.  289 
 290 
In our study, the lateral TDI annulus measurements were significantly greater than 291 
septal measurements and these differences were not due to measurement variability 292 
alone, in agreement with previous human [23,25] and canine [38] studies. We 293 
expected this, given that the interventricular septum is anchored to the right ventricle 294 
and heart base structures (aortic and pulmonic roots) and therefore is less mobile 295 
than the LV free wall. Our results highlight the potential of this technique to examine 296 
regionality of function.  297 
 298 
In contrast to previous research in a variety of dog breeds and over a range of sizes 299 
[14], we did not detect strong relationships between body weight and longitudinal 300 
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measures. However, our relatively small sample size and limited range in body 301 
weight (13.2 – 26.1kg) mean that we may have been underpowered to detect a 302 
relationship. Additionally, we found a significant relationship between heart rate and 303 
MAPSE and this may have masked any effect of body weight. We found no 304 
important correlations with LV diastolic length. This is somewhat surprising as it 305 
would be reasonable to assume that linear LV function measures are proportional to 306 
heart length as studies in people have found correlations between LV length and 307 
systolic and diastolic function measures [39,40]. Again, the limited range in weight 308 
may have affected our findings. A larger sample size might help us to explore these 309 
relationships with greater power.  310 
 311 
We found that increasing age was negatively correlated with several longitudinal 312 
variables, suggesting that longitudinal function deteriorates with age. A negative 313 
correlation between age and MAPSE and TDI has been observed in people 314 
[22,24,26] but the effect of age on GLS is controversial [41-43]. Proposed 315 
mechanisms for the influence of age on longitudinal function in human patients 316 
include the effects of increasing blood pressure with increased age, decay in 317 
extracellular matrix and ultrastructural modification of cardiomyocytes. Our findings 318 
are in contrast to previous research in dogs [14,44] and whilst they could be a 319 
chance finding, merit further investigation.  320 
 321 
Heart rate was positively correlated with many of the measured variables in our 322 
study with r2 values of between 0.4 and 0.5 for TDI E’:A’ and GLSRe:a. In people, 323 
heart rate is known to influence longitudinal systolic and diastolic function [24,45]. 324 
Schober and Fuentes [14] and Wandt and colleagues [22] found weak negative 325 
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correlations between MAPSE and heart rate, in contrast to our findings. These 326 
conflicting findings warrant further investigation to examine whether heart rate needs 327 
to be considered when interpreting measures of longitudinal function. 328 
 329 
The reference intervals for TDI and GLS were similar to previously reported breed-330 
specific values in six other breeds. Breed specific values for MAPSE could not be 331 
found in the literature. Ejection fraction in ESS is similar to reported values in five 332 
other breeds [21] and it appears that the same is true for TDI and 2DSTE measures 333 
of longitudinal function. Therefore, dogs undergoing evaluation for myocardial 334 
dysfunction who present with longitudinal function measurements outside of our 335 
reference intervals may warrant further investigation.  336 
 337 
Limitations 338 
The sample size in this study was relatively small (39 dogs): a minimum sample size 339 
of 120 has been previously recommended by the American Society of Veterinary 340 
Clinical Pathology as this allows for non-parametric analyses [46]. Whilst the 341 
reference intervals derived from the statistical model are mathematically appropriate, 342 
the small sample size means that the confidence intervals are wide and this could 343 
create ambiguity in clinical situations. The trimmed range provide a less conservative 344 
data set. Nevertheless, reference intervals derived from studies with fewer than 120 345 
subjects should be interpreted cautiously. 346 
 347 
We did not address between-day variability or inter-operator/observer variability as 348 
our study was not designed to address that issue in detail. Repeatability is an 349 
important function of any measurement: for a measurement to be useful, it must be 350 
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accurate and reliable. Echocardiographic measurement variability has several 351 
components: intra-patient (beat-to-beat and day-to-day variability due to changes in 352 
contractility, filling, hydration status, excitement etc.); intra- and inter-operator image 353 
acquisition variability; intra- and inter-observer image selection variability and finally 354 
intra- and inter-observer measurement variability. Further detailed analysis of the 355 
components of variability of the assessments presented here is required before 356 
these measures can be recommended for use in routine clinical practice [47].  357 
 358 
We designed our study specifically to attempt to exclude dogs with subclinical heart 359 
disease: dogs were examined twice, at least 12 months apart, and only data from 360 
dogs who did not display evidence of progressive systolic dysfunction or chamber 361 
enlargement were included for analysis. However, we concede that it is difficult to 362 
entirely exclude cases of subclinical myocardial dysfunction from the population of 363 
dogs we sampled. 364 
 365 
We did not examine how the longitudinal measures behave in diseased states, nor 366 
did we examine if these assessments improve diagnosis or management of clinical 367 
cases. This would require comparison to a gold-standard measure of systolic 368 
function and longitudinal assessments of outcome in clinical patients. Therefore, we 369 
cannot make recommendations about the utility of these novel measures in clinical 370 
practice. Anatomical M-mode was used to acquire MAPSE: this technique uses 371 
lower frame rates than conventional M-mode, reducing resolution; however, we did 372 
not use angle-correction and set 2D frame rates at 80-120 frames per second. Any 373 
loss of resolution should therefore have been minimal. In one study in people there 374 
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was no significant difference between standard and anatomical M-mode MAPSE 375 
measurements [48]. 376 
 377 
CONCLUSIONS 378 
We present reference intervals for measures of left ventricular longitudinal function in 379 
healthy adult English springer spaniels. These assessments appear to be influenced 380 
by age and heart rate but less so by body weight. Intraoperator and intraobserver 381 
repeatability appears to be reasonable when performed by an experienced 382 
echocardiographer. Lateral and septal annular assessments with TDI are clinically 383 
distinct and are not interchangeable. These measures are readily acquired in healthy 384 
ESS, appear reasonably repeatable and may add to the information gained from a 385 
conventional echocardiographic study, though their clinical utility remains to be 386 
proven.  387 
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 585 
Table 1. Reference intervals for longitudinal echocardiographic assessments in 39 healthy adult English Springer Spaniels 586 
 587 
 588 
 589 
 590 
 591 
 
 Median Min-Max 
Trimmed 
Range 
Lower RI (90% CI) Upper RI (90% CI) 
MAPSElat mm 8.5 5.8 − 11.7 5.9 - 10.9  5.7 (5.2 − 6.4)  11.4 (10.7 − 12.1) 
MAPSEsep mm 7.7 6 − 11.2 6.1 - 9.9 
 5.8 (5.5 − 6.2)  10.8 (10 − 11.7) 
MAPSEav mm 8.1 5.95 − 10.6 6 - 10.15  5.9 (5.5 − 6.4)  10.6 (9.9 − 11.2) 
           
TDI S’lat cms-1 11.7 5.8 − 19.1 6.3 - 15.4  6.0 (4.8 − 7.37)  17.7 (16.4 − 19.1) 
TDI S’sep cms-1 8.5 5.8 − 15.5 5.8 - 12.7  5.8 (5.41 − 6.28)  13.8 (12.23 − 15.8) 
TDI S’av cms-1 10.3 5.8 − 15.45 6.6 - 13.55  6.1 (5.34 − 7.14)  14.6 (13.6 − 15.6) 
           
TDI E’lat cms-1 9.4 3.3 − 18.3 4.3 - 15.6  3.7 (2.75 − 4.8)  17.1 (15.1 − 19.2) 
TDI E’sep cms-1 6.9 5.1 − 14 5.7 - 10.9  4.9 (4.66 − 5.38)  10.8 (9.46 − 12.3) 
TDI E’av cms-1 8.4 4.2 − 14.35 5.35 - 12.5  4.8 (4.23 − 5.42)  13.8 (12.2 − 15.7) 
           
TDI A’lat cms-1 9.5 5 − 18.2 5.5 - 14.9  4.9 (4.25 − 5.88)  16.6 (14.9 − 18.8) 
TDI A’sep cms-1 7.4 3.8 − 11.2 4.1 - 11  3.9 (3.2 − 4.8)  11.3 (10.4 − 12.1) 
TDI A’av cms-1 8.5 4.55 − 13.35 5.15 - 11.85  4.6 (3.73 − 5.53)  13.0 (12.1 – 14) 
           
GLS % -14.3 -8.9 – -20.1 -9.4 – -18.4  -19.5 (-18.3 − -20.6)  -9.1 (-7.9 − -10.4) 
GLSRs s-1 -1.3 
-0.83 − -
1.83 
-1.8 - -0.8 
 
-1.9 (-1.71 – -2)  -0.8 (-0.68 − -0.89) 
GLSRe s-1 1.4 0.6 − 2.5 0.6 – 2.0  0.6 (0.46 − 0.82)  2.2 (2 − 2.44) 
GLSRa s-1 1.27 0.7 – 2.0 0.83 - 1.93  0.7 (0.63 − 0.81)  2.0 (1.81 − 2.28) 
     
      
MAPSE Mitral annular plane systolic excursion; TDI Tissue Doppler Imaging, S’ peak systolic velocity, E’ peak early diastolic velocity, A’ peak 
late diastolic (atrial) velocity at the mitral annulus; GLS Two-dimensional speckle-tracking global longitudinal strain; GLSR Two-dimensional 
speckle-tracking peak global longitudinal strain rate in systole (s), early (e) and late (e) diastole; lat lateral annulus, sep septal annulus, av 
average (mean) of lateral and septal measurements.  
 
Min-Max Minimum-Maximum, Trimmed range is the range minus the single highest and lowest values, RI Reference interval, CI Confidence 
interval,  
Reference intervals calculated using a robust method with a Box-Cox transformation [30]. 
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Table 2. Intraoperator and intraobserver coefficients of variation for longitudinal 592 
echocardiographic assessments in 39 healthy English Springer Spaniels 593 
 594 
  595 
CoV % Intraoperator Intraobserver 
MAPSE 5.8 1.6 
TDI S’ 3.6 2.1 
TDI E’ 6.9 1.7 
TDI A’  6.6 2 
GLS 11.2 4 
GLSRa 12 4.9 
GLSRe 18.4 8.5 
GLSRa 17.9 6 
 
CoV Coefficient of variation;  see table 1 for remainder of key. 
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Table 3. Intraoperator and intraobserver repeatability coefficients and effects of annular 596 
position on MAPSE and TDI variables in 39 healthy adult English Springer Spaniels 597 
 598 
  599 
 
Repeatability coefficients Lateral vs. Septal 
annulus limits of 
agreement 
P value 
Intraoperator Intraobserver 
MAPSE 
(mm) 
Bias - - 0.57 0.06* 
95% 
Limits 
-1.1 to 1.1 -0.31 to 0.31 -1.9 to 3 
 
TDI S’ 
(cms-1) 
Bias - - 2.99 <0.001** 
95% 
Limits 
-0.85 to 0.85 -0.57 to 0.57 -2.2 to 8.1 
 
TDI E’ 
(cms-1) 
Bias - - 2.3 <0.001** 
95% 
Limits 
-1.7 to 1.7 -0.46 to 0.46 -3.4 to 8 
 
TDI A’ 
(cms-1) 
Bias - - 2.5 <0.001** 
95% 
Limits 
-1.4 to 1.4 -0.39 to 0.39 -2.5 to 7.4 
 
  
Bias fixed agreement bias; Limits 95% repeatability coefficient or limits of agreement. See table 1 
for key. All bias and limits are expressed in native units.  P values refer to the difference between 
lateral and septal annulus measurements. * Two-sampled T-test, ** Mann-Whitney U-test 
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Table 4. Simple linear regression analysis of longitudinal echocardiographic assessments in 600 
39 healthy adult English Springer Spaniels 601 
 602 
Dependent 
variable 
Independent 
variable 
Slope Intercept R2 P value 
TDI E’lat BW 3.46 28.6 0.140 0.019 
TDI A’lat BW 2.6 49.6 0.122 0.029 
TDI A’av BW 1.78 53.8 0.106 0.043 
      
MAPSElat Age -0.016 9.62 0.183 0.007 
MAPSEav Age -0.013 9.06 0.154 0.013 
TDI S’lat Age -0.355 143.4 0.239 0.002 
TDI S’av Age -0.186 115.9 0.125 0.027 
TDI E’lat Age -0.460 129.1 0.255 0.001 
TDI E’av Age -0.237 102.1 0.170 0.009 
TDI E’:A’lat Age -0.006 1.47 0.455 <0.0001 
TDI E’:A’av Age -0.004 1.32 0.456 <0.0001 
GLSRe Age -0.005 1.74 0.206 0.004 
GLSRe:a Age -0.006 1.60 0.405 <0.0001 
      
MAPSEsep HR 0.027 5.11 0.25 0.001 
MAPSEav HR 0.024 5.68 0.22 0.003 
TDI S’lat HR 0.406 75.3 0.11 0.044 
TDI S’sep HR 0.417 45.2 0.23 0.002 
TDI E’sep HR 0.393 34.4 0.20 0.004 
TDI A’sep HR 0.448 31.2 0.26 0.001 
GLS HR -0.046 -9.65 0.17 0.009 
GLSRs HR -0.006 -0.69 0.25 0.001 
GLSRe HR 0.005 0.83 0.11 0.038 
GLSRa HR 0.006 0.60 0.21 0.003 
BW Body weight in kilogrammes; Age in months; HR heart rate (beats per minute) 
See table 2 for remainder of key.  
 603 
  604 
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Table 5. Comparison of reference intervals for tissue Doppler-derived mitral annulus 605 
velocities and two-dimensional speckle-tracking echocardiography-derived left 606 
ventricular global longitudinal strain in seven breeds of dog.  607 
 608 
Breed TDI S’ (cms-1) TDI E’ (cms-1) GLS (%) 
English springer 
spaniel 
10.3 (5.8 – 15.5) 8.4 (4.2 – 14.3) -14.8 (-8.9 – -20.1) 
German 
shepherd 
8.1 (3 – 10)1 9.8 (5.6 – 14.2) 1  
Golden retriever 8.7 (3.4 – 19.6)1 5.1 (2.9 – 7.2) 1  
Belgian malinois 9.8 (3.7 – 17.2)1 4.4 (2.1 – 9.4) 1  
Beagle 6.2 (4.4 – 9.8)1 2.6 (1.4 – 4.2) 1 -14.8 (-8.9 – -21.9)*2 
Labrador 
retriever 
  -14.8 (1.6)**3 
Irish wolfhound   -16.2 (-10.2 – -22.2)*4 
    
TDI S’ Tissue Doppler Imaging peak systolic velocity at the mitral annulus; GLS Two-dimensional speckle-tracking global 
longitudinal strain 
Values are presented as median (minimum – maximum) unless denoted by * mean (minimum – maximum) or **mean 
(standard deviation) 
1[49];2[44]; 3[50]; 4[37] 
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FIGURE CAPTIONS 610 
 611 
FIGURE 1A. Alignment of M-mode cursor for measurement of lateral (red, 612 
MAPSELAT) and septal (green, MAPSESEP) mitral annular plane systolic excursion.  613 
 614 
FIGURE 1B. Measurement of lateral and septal mitral annular tissue Doppler 615 
imaging (TDI) velocities. 616 
 617 
FIGURE 1C. Peak global longitudinal strain (white cross) measured using two-618 
dimensional speckle-tracking echocardiography (2DSTE); the coloured curves 619 
represent the six myocardial segment averages and the dotted white curve the 620 
automatically calculated global strain curve. 621 
 622 
FIGURE 1D. Peak systolic (S), early diastolic (E) and late or atrial diastolic (A) global 623 
longitudinal strain rate measured using two-dimensional speckle-tracking 624 
echocardiography (2DSTE). Note the coloured panel bottom left of the image 625 
showing negative strain rate during systole (bar of dark orange) and then two periods 626 
of positive strain rate during early and late diastole (blue bars).  627 
 628 
 629 
 630 
 631 
 632 
 633 
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FIG 1A 636 
 637 
FIG 1B 638 
 639 
FIG 1C 640 
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FIG 1D 654 
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